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Abstract 

We compute, for tt production at the LHC and at the Tevatron, several charge asymmetries to 
next-to-leading oder (NLO) QCD, including also the electromagnetic and weak-interaction correc- 
tions. We calculate these asymmetries both inclusively and with additional kinematic cuts and 
compare our results, where possible, with recent experimental results and with Standard Model 
(SM) predictions. The ti asymmetries induce also corresponding asymmetries for the charged lep- 
tons from semileptonic top-quark decay. Although these asymmetries are, in the SM, smaller than 
the corresponding ones for top quarks, they are expected to be measurable quite precisely. In fact, 
measurement of a lepton asymmetry in i + jets events was reported by the D0 f2j and CDF [7] 
experiments. We analyze and compute to NLO in the gauge couplings leptonic charge asymmetries 
for dileptonic and semileptonic tt events, with and without acceptance cuts, at the Tevatron and 
the LHC. 
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1. Introduction 



So far, almost all of the experimental results from the Tevatron and the LHC on top quark 
production and decay imply that this quark behaves pretty much as expected from the 
Standard Model - the exception being the measurements of the charge asymmetry in tt 
production at the Tevatron by the CDF and D0 experiments reported in [HIS], which are 
(considerably) higher than the SM predictions [3H6]. In particular, a SAa deviation from 
the SM was cited in [1] for the CDF determination [T| of the tt rest frame asymmetry 
for high pair-invariant mass, A^^{Mti > 450 GeV). This triggered a very large number of 
investigations on possible new physics contributions to tt production. (For recent reviews, 
see for instance P4T0].) A recent CDF measurement |7] of this observable based on a larger 
data sample and, on the theory side, the incorporation of the complete O(a^a) electroweak 
corrections [TT] alleviated this tension as far as A^\Mtt > 450 GeV) is concerned, but did 
not remove it. 

The situation is unclear for several reasons. The D0 experiment at the Tevatron did not 
confirm [2j the significant enhancement of the ti rest-frame asymmetry at high Mu seen by 
CDF. On the other hand, D0 measured a leptonic charge asymmetry A''- in tt — )■ i+ jets [2], 
which is considerably larger than the corresponding SM prediction [12] , while a recent CDF 
measurement [^, which is however not yet corrected for detector effects and acceptance, 
agrees with it. Moreover, the tt charge asymmetries Aq measured by the CMS [T3l[Il] and 
ATLAS |15j collaborations at the LHC agree, within the present uncertainties, with the SM 
calculations [16]. Obviously, it is of prime importance to explore and hopefully clarify this 
topic in detail in the (near) future, both by experiment and theory. 

As the SM-induced charge asymmetry in ti production at the LHC is small, a number of 
observables related to Ac have been proposed and analyzed, including those in [6| [T6ti23] . 
that enhance the (predominantly QCD induced) effect and serve to discriminate between the 
SM and various new physics mo delsQ. In this paper we compute some of these asymmetries 
at next-to-leading order (NLO) in the SM gauge couplings. Here, this notation refers to the 
computation of the numerators of the asymmetries to order in the QCD coupling including 
the mixed QCD-QED and mixed QCD-weak interaction corrections. For some of these 
observables, respective results were recently obtained in the literature [TT IITBHTS] with which 
we compare; some of our results are new. So far, most of the predictions were made at the 
ti production level, while the experimental measurements of the charge asymmetries at the 
"reconstruction level" were unfolded, i.e., corrected for detector acceptance and resolution, 
to obtain the corresponding ti "production level" asymmetries. 

The ti asymmetries induce also corresponding asymmetries for the charged leptons from 
semileptonic top-quark decay. Although these asymmetries are, in the SM, smaller than the 
corresponding ones for top quarks [12j, they should be measurable more precisely. In fact, 
measurement of a lepton asymmetry in i + jets events was reported by D0 [2] and CDF [7]. 
We analyze and compute to NLO in the gauge couplings leptonic charge asymmetries for 
dileptonic and semileptonic ti events, with and without acceptance cuts, at the Tevatron 
and the LHC. This extends our previous results for the Tevatron [T2] . 

It seems appropriate to briefly recapitulate here the status of the SM predictions concerning 
the ti charge asymmetries in hadronic production. In the SM, the leading-order effect is 
induced by the NLO QCD, i.e., the 0{al) contributions daA,tt to the differential ti cross 

^An interesting proposal of "collider independent" charge asymmetries was recently made in |24) . 
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section which are odd with respect to the exchange of t ^ t. The first dedicated NLO QCD 
prediction of the charge asymmetry, including an estimate of the electroweak contributions, 
was made in [3lll]. Subsequent analyses were done in [5l|6]. In [12] the mixed QCD- weak cor- 
rections of 0{a'^a) were included. Ref. [TT] determined, besides the weak contributions, also 
the QCD-QED contributions of 0{a'^a) which are, in fact, more important than the weak- 
interaction corrections, and obtained predictions of the Tevatron asymmetries to NLO in the 
SM gauge couplings; cf. also |T6]. The NNLO QCD corrections to daA,tt are not yet knowrH. 
The fixed-order NLO QCD computations were supplemented by soft-gluon resummation at 
next-to-leading (NLL) [31] and next-to-next-to-leading (NNLL) [321434] logarithmic order. 
These corrections do not alter the fixed-order NLO QCD results significantly. The QCD- 
induced charge asymmetries can and are being computed also with the widely used NLO 
QCD Monte Carlo programs [351439] . An issue, which in the past has been a source of con- 
fusion between theorists and experimentalists, is how the asymmetries are computed in the 
context of NLO Monte Carlo simulations, see Sect. [2l 

The paper is organized as follows. In Sect. [2] we compute a number of ti charge asymmetries 
at NLO in the SM gauge couplings for the Tevatron and the LHC at 7, 8, and 14 TeV 
center-of-mass energy and compare, where possible, with experimental results and other SM 
calculations. In Sect. [3] we make corresponding SM predictions for two leptonic asymmetries 
for dileptonic and lepton plus jets tt events at the Tevatron and for some leptonic asymmetries 
for dileptonic final states at the LHC. Sect. H] contains a summary and outlook. 

2. Top-quark charge and forward-backward asymmetries 

In this section we consider various forward-backward and charge asymmetries for the Teva- 
tron and LHC at the level of ti on-shell intermediate states and calculate these asymmetries 
within the SM. 

2.1. Tevatron 

First we compute the top-quark laboratory- and rest-frame charge/forward-backward asym- 
metries for the Tevatron to NLO QCD including the photonic and weak-interaction contri- 
butions. The sole purpose of this section is to compare the results of our computational 
setup with previous SM computations of these asymmetries [3]46|[T H IT2 | [T6 |[3T1435] . and also 
with recent experimental results [ll|2l[7]. 

For top-quark pair production at the Tevatron, pp ^ ti + X, the differential and integrated 
charge asymmetry, A{y) and A, are defined by 



where t/t, yi denote the rapidities of the t and t quark in the laboratory frame, and Niy) = 
d(Jtt/dy. CP invariance implies that for ti production at the Tevatron N{yi) = N{—yt), 

^ For tt+jet events, QCD induces a charge asymmetry already at tree-level, which receives large corrections 
at NLO [2M5n] . Ref. [3Sj argues that the inclusive asymmetries may not receive such large QCD corrections 
beyond NLO QCD. 
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which in turn imphes that A is equal to the forward-backward asymmetry of the top quark: 
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Another important observable is the pair asymmetry or tt rest-frame asymmetry 
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tt 



N{Ay > 0) - N{Ay < 0) 
N{Ay > 0) + N{Ay < 0) ' 



(3) 



where Ay = yt — yi- As Ay is boost-invariant along the beam axis, this rapidity difference is, 
in the limit of small pt of the tt system, the same in the hadronic and the ti rest frame. The 
sign of Ay is, in fact, invariant under such a boost. The asymmetry ([3]) is, for kinematical 
reasons, larger than ([2]). 

The Bose symmetry of the gg state precludes a contribution to the asymmetries A, A^p^, 
and A** from gg — )■ ttX - irrespective of whether or not the production density matrix Rgg 
contains P- and/or CP- violating pieces. The asymmetries are generated by the interference 
of even and odd terms under t ^ i - while the initial partons are kept fixed - in the 
amplitudes for qq — )■ ttX and, likewise, for gq — )■ tiq {+X) and gq — )■ tiq {+X). 
In the SM the dominant contributions to ([1]) - ([3]) arise from the NLO QCD corrections 
to tt production by qq annihilation, i.e., terms of order in the partonic cross section 
da{qq — )• ttX) which are antisymmetric under the interchange of t and i. These terms 
comprise, for qq — ti, the antisymmetric part of the interference of the Born diagram with 
the 1-loop box and crossed box diagrams and, for qq — )■ tig, the antisymmetric part of the 
interference of initial and final state radiation. In addition, antisymmetric interference terms 
of order in the squared matrix elements of gq — )■ tiq and gq — )■ tiq, respectively, contribute 
also to the above asymmetries. At the Tevatron, they are numerically irrelevant, while at 
the LHC they may reach a sizeable fraction of the contributions from qq annihilation (see 
below) . 

As was pointed out in fT^, the mixed QCD-QED contributions of order a^a to the asymme- 
tries from qq — )■ ti, tig, ti'y are important. (These corrections had been estimated previously 
in At the level of the qq initial states, the ratio of the mixed QCD-QED and pure QCD 
contributions is Rg = (36/5)(5gQta/as [11] (where Qa denotes the charge of quark a in units 
of e). For pp collisions at the Tevatron this implies that the ratio of the corresponding con- 
tributions to ([1]) - 03]) is about 18%. At the LHC this ratio decreases to about 13% because 
the ratio of uu and dd collisions decreases from about 4 : 1 at the Tevatron to 2 : 1 at the 



The (nominally) leading effects of the weak interactions on the asymmetries are as follows. 
At Born level there is the contribution of 0(q;^) from the antisymmetric terms of the squared 
amplitudes of gg — )■ 7, Z — )■ ti. Then there are antisymmetric terms in the mixed QCD-weak 
corrections of 0{a1a) to qq — )■ ti{g). These are contained in i) the interferences of the 0{a1) 
two-gluon box diagrams with the Born Z-exchange diagram and of the 0{as<y) Z-gluon box 
diagrams with the Born gluon exchange diagram, and ii) in the interferences of the 0{gg) 
and 0{gse^) gluon bremsstrahlung diagrams. (The contribution from Z boson radiation, 
qq — )■ tiZ, to the inclusive asymmetries is very small and will be neglected.) At the Tevatron 
and the LHC these weak interaction corrections increase the QCD asymmetries by a few 



LHC. 
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percent (cf. [TTl[T2l[T6] and below). The weak interactions induce also parity- violating form 
factors at 1-loop in the qqg and tig vertices; however, they make, at 0{ala), no contribution 
to the antisymmetric part of da{qq — )■ ttX). There are also mixed QCD-weak contributions 
of 0{a'^a) and (9(a<j«^) to the asymmetries from gq (q) — i- tiq (q). They are negligibly 
small for the Tevatron, but at the LHC they are of comparable size as the mixed QCD-weak 
contributions to qq annihilation (see Sect. I2.2( ). 

In the following we compute the asymmetries ([2]) and ([3]), taking into account in the numera- 
tors the 0{a^) QCD and the 0{a'^) and 0{a'^a) electroweak corrections as discussed above. 
(As to the weak interaction corrections, we use our previous results [401 - I42] . cf. also [431 - 145] .) 
To this order, a consistent fixed-order perturbative expansion of the ratios ([2]), ([3]) precludes 
taking into account the NLO QCD corrections to the denominators. Therefore we evaluate 
the denominators of all the asymmetries considered in this paper with LO QCD matrix el- 
ements (as was done in [3llll[6l[TTl[T2l[T6]). As to the use of parton distribution functions 
, we evaluate both the numerator and the denominator of the asymmetries with NLO 

We use rrit = 173.1 GeV (on-shell mass), the QED coupling a{mz) = 0.008, and the weak 
mixing angle sin^ 9w = 0.23. We use the CTEQ6.6M PDF [17] and the respective value 
of asirnz) provided by this set. The same value fi is used for the renormalization and the 
factorization scale, and numerical results are given for fi = mt/2,mt, and 2mt. These scale 
choices are purely conventional. The variation of the asymmetries within this range of fi are 
no substitute for a realistic assessment of the theory uncertainites; see the corresponding 
remarks on page [7] below. 

In Tables [1] and |2] we present our results for the laboratory-frame and tt rest-frame asymmetry 
([2]) and ([3]), respectively. In the first rows, the QCD and electroweak contributions to the 
numerators of these asymmetries are given. (Notice that contributions from quark flavors 
q u,d are, after convolution with the PDF, symmetric under interchange of t and i 
and therefore do not contribute to the numerators.) In the row labeled qg the sum of the 
contributions from the qg and qg fusion processes is given - for the sole purpose of showing 
that it can be safely neglected for the Tevatron, which will be done in the following. The 
tables show what has already been mentioned above: the mixed QCD-QED and QCD-weak 
contributions increase the QCD asymmetries at the Tevatron by 18% and 5%, respectively, 
i.e. in total by 23%. 

In Table |3] we collect our results for A^p^ and for A** without and with cuts on \Ay\ and 
Mtt and list, for comparison, also results from the CDF and D0 experiments [Il|2l[7]. The 
experimental results for the asymmetries are the unfolded values at the tt production level, 
i.e., corrected for detector resolution and acceptance. The CDF results given in column 3 
of this data are from lepton plus jets events based on an integrated luminosity of 8.7 fb~^, 
while column 2 resulted from the analysis of Lint = 5.3 fb~^ pT]. The D0 collaboration [2] 
did not find statistically sensitive dependencies of A** on \Ay\ and [2] and therefore did 
not publish unfolded numbers for the observables listed in rows 2 - 5 of Table [31 




■^In [12] a different procedure was used. The numerators were evaluated with NLO PDF while in the 
denominators LO PDF and the same value of as as in the numerator were used. This yields slightly larger 
asymmetries (by ~ 4%) than those given below. 
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(19 


4.1 X 10"^ 


2.6 X 10-^ 


1.7 X 10-^ 


0(«2) 


uu 


9.4 X 10-3 


8.3 X 10-3 


7.4 X 10-3 




dd 


1.2 X 10-3 


1.1 X 10-3 


9.2 X 10-* 




uu 


7.1 X 10-3 


5.2 X 10-3 


3.8 X 10-3 




dd 


-2.2 X 10-3 


-1.6 X 10-3 


-1.2 X 10-3 


0{aai)QED 


uu 


0.0692 


0.0502 


0.0375 




dd 


-6.1 X 10-3 


-4.4 X 10-3 


-3.2 X 10-3 


total 


0.4701 


0.3151 


0.2198 


^bcD (pb) 


7.618 


5.456 


4.030 


A'^B (%) 


6.17 


5.77 


5.46 



Table 1: The contributions to the numerator of the t-quark forward-backward laboratory- 
frame asymmetry ([2]) at the Tevatron for three different scales. The denominator of ([2]), 
(Jqcd — (^tt, is computed at leading-order QCD. 
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uu 


10.7 X 10-3 


7.8 X 10-3 


5.8 X 10-3 




dd 


-3.4 X 10-3 


-2.4 X 10-3 


-1.8 X 10-3 


0{aal)QED 


uu 


0.1047 


0.0761 


0.0569 




dd 


-9.4 X 10-3 


-6.7 X 10-3 


-4.9 X 10-3 


total 


0.7104 


0.4772 


0.3332 


^^^D (pb) 


7.618 


5.456 


4.030 


A" (%) 


9.33 


8.75 


8.27 



Table 2: The contributions to the numerator of the tt rest-frame asymmetry ([3]) at the 
Tevatron for three different scales. 
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CDF [T] 


CDF [7J 


D0 [2^ 




SM (this work) 


A*\\Ay\ < 1) 
A%Ay\ > 1) 
A'\Mu < 450 GeV) 
A'^IMu > 450 GeV) 


150 ± 055 
0.158 ±0.075 
0.026 ±0.118 
0.611 ±0.256 
-0.116 ±0.153 
0.475 ±0.114 


0.162 ±0.047 
0.088 ±0.047 
0.433 ±0.109 
0.078 ± 0.054 
0.296 ±0.067 


0.196 ±0.065 


058 ± 004 
0.088 ±0.006 

061 +° °°^ 

U.UUi_o.003 

206+° °^^ 
062+°-°°^ 

U.UUZ_Q QQ3 

Q 190+0 008 

U.iZy_Q QQg 



Table 3: Unfolded experimental results from CDF [HIT] and D0 |i2j for the laboratory- and 
tt rest-frame asymmetry at the Tevatron without and with cuts on \Ay\ and Mu and our 
SM predictions (errors are scale-uncertainties only). 



The D0 and recent CDF results [7] on the inclusive rest-frame asymmetry A** are within 
~ 1.5cr of our SM prediction. As to the rest-frame asymmetry with cuts: For y4**(|A|/| < 1) 
and A^^{Mtt < 450 GeV), and the recent CDF \7l and our SM results agree well, while the 
recent CDF determinations y4"(|A|/| > 1) and of A^^{Mtt > 450 GeV) deviates from our SM 
predictions by ~ 2a and ~ 2.4(T, respectively. 

The asymmetry A** increases approximately linearly with \Ay\ and M^. The slopes of these 
straight lines that were recently determined by the CDF experiment [7] are significantly 
larger than those obtained in the SM. A cut on the transverse momentum of the tt system 
has a significant effect on the size of the charge asymmetries. For instance, selecting tt 
events with low significantly increases the asymmetries \TU\. This is due to the fact that 
the positive inclusive NLO QCD asymmetries are generated by the contribution from Born 
times virtual and soft gluon terms, which is positive and the contribution from hard gluon 
radiation, which is negative. 

Experiments usually compare their results with predictions made with one of the widely 
used NLO QCD Monte-Carlo generators [36ti39] . In these programs the electroweak con- 
tributions to the asymmetries are not included. More importantly, in these Monte-Carlo 
calculations the denominators of the asymmetries are determined with NLO QCD parton 
matrix elements, which reduces the asymmetry by up to ~ 30% as compared to the procedure 
employed by us and in pT|[T6]. 

We now compare our results with other recent SM calculations of A^p^ and A**. In [TT] 
the various contributions to the asymmetries were also given in detail. Although we use a 
different PDF set than [llj, our results of Tables [H [2] and |3] agree well with the numbers 
of the corresponding Tables of that reference. Ref. [16] also used a PDF set different from 
ours and employed the strategy of evaluating the numerators and the denominators of the 
asymmetries with LO PDF. Moreover, the mixed QCD-weak corrections, which make only a 
small contribution, were taken into account only approximately in [TB]. Our results agree also 
with those of [16]. The recent fixed-order NLO QCD computation of A^p^ of [35] uses NLO 
matrix elements in the denominator and therefore gets a smaller value than our pure QCD 
result 7.1(6)% (cf. Table [2]). Moreover, with this procedure the uncertainties due to scale 
variations become significantly larger than those given in Table |31 Ref. [34j computed the 
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above asymmetries in pure QCD, at NLO plus next-to-next-to- leading logarithmic accuracy 
(NLO + NNLL), by performing corresponding resummations of logarithms due to soft and 
collinear gluons. One expects that these resummations (cf. also [3T|[33]) provide more 
realistic estimates of the scale uncertainties than those resulting from the fixed order NLO 
predictions. The central values of A^p^ and A**, without and with the above cuts on the 
latter asymmetry, given in [M] are essentially the same as those obtained at fixed order 
NLO QCD. This may not be surprising because soft and collinear radiation from top quarks 
(which is the physics behind taking into account threshold resummations) does not change 
the directions of t and i and thus the asymmetries in an essential way. 
In concluding this section we recall that the recent CDF determination of the high-mass 
asymmetry has reduced, but not erased the tension with the existing NLO SM predictions. 
We emphasize that the uncertainties due to scale variations of our SM results given in 
Tables [H [2] and [3] underestimate the theory error^, which are, more realistically, of the order 
of ~ 30%. It remains to be seen whether a complete fixed-order NNLO QCD computation 
of the asymmetries will alleviate this tension. 

2.2. LHC 

Let us first recall the salient features of the charge asymmetries in top-quark pair production 
in pp collisions, pp ^ ti + X. At the LHC, the initial pp state is an eigenstate of parity. 
Thus, A^p^ = A^pg = as long as only parity- invariant interactions are taken into account. 
In fact, the parity- violating terms of the weak corrections appear only in the t- and/or 
t-spin dependent terms of the inclusive partonic tt production density matrices and do, 
therefore, not contribute to the inclusive ti asymmetries when making predictions for top 
quarks summed over their spins. As a consequence, at the LHC the differential charge 
asymmetry A{y) induced by the SM interactions must be symmetric with respect to ?/ = 0. 
However, QCD predicts that for large values of \y\ of the (anti)top rapidity, the tt sample 
is such that there are more t than t quarks, while for small values of |?/| it is the other way 
around. Therefore, in the SM the differential charge asymmetry A{y) > in the forward 
and backward regions, while A{y) < in the central region. Thus one can define non-zero 
(integrated) asymmetries. The dominant contributions to the numerator of Aiy) are again 
due to the antisymmetric part (i f-)- f) of the qq differential cross section. Contrary to the 
Tevatron, the antisymmetric contributions from qg fusion are not negligibly small at the 
LHC (see below). 

Because at the LHC the fraction of ti production by qq annihilation is significantly smaller 
than by gg fusion, it is clear that the charge asymmetries are smaller than at the Tevatron. 
With suitable cuts one may enhance the asymmetries. For instance, in the SM one expects 
that the charge asymmetries increase in magnitude with M^i because at the LHC the qq 
luminosity increases with respect to the gg luminosity for increasing pair-invariant mass. 
Other ways to enhance the gg-initiated fraction of ti and thus the ratio of the antisymmetric 
and symmetric part of the ti cross section is to select forward and/or backward events, to 
select ti events whose cm. frame is highly boosted along the beam axis with respect to 
the laboratory frame, or to put a cut on the transverse momentum of the ti system. These 
observations have led to a number of suggestions for LHC observables |i|[6t[T3 t[T5]423] that 

^According to [46] a judicious choice of scale-setting leads to a significant increase of the QCD-induced 
asymmetries. 



7 



exhibit small, but non-zero SM-induced charge asymmetries and are useful in discriminating 
between various new physics models which were proposed to explain the Tevatron asymmetry. 
In the following analysis of various LHC charge asymmetries, we have taken into account in 
the computation of the respective numerators the C(a^) QCD and the 0{a^) and O^a^a) 
electroweak contributions as outlined in Sect. 12.11 As mentioned above, the antisymmetric 
contributions from qg fusion of 0{a^) are not negligible at the LHC. For completeness, we 
take into account also the mixed QCD-QED corrections of O(aa^) to qg fusion - see below. 
The denominators of the asymmetries are evaluated again with LO QCD matrix elements 
and the NLO PDF set CTEQ6.6M. 



Central and edge charge asymmetry 

Choosing a cut i/c on the rapidities of the t and f quarks, one may define central and edge 
(or forward) charge asymmetries Ac, Ae 



N{\yt\ 


\<yc)-N{\yt\ 


\<yc) 


N{\yt\ 


\<yc) + N{\yt\ 


<yc) 



^c{yc) = ; r ^ , ; ^ ^ (4) 



, , ,_ N{y,<\yt\)-N{y,<\y,\) 
^^''^ ~ Niy,<M + Niy,<\y,\) ' 

where the (anti)top rapidities are defined in the laboratory frame. The above discussion 
tells us that for suitably chosen yc, the central asymmetry Ac{yc) < and AE{yc) > 
in the SM. Because the fraction of qq initiated ti events, o'gq^tt/o'u, is enhanced in the 
forward/backward region, Ae will in general be larger than \Ac\- On the other hand, the 
event numbers decrease rapidly with increasing \y\] i.e., yc must be chosen appropriately for 
each of these observables in order to optimize the statistical sensitivity of Ae- 
For the computation of the central asymmetry we choose yc = 1 and take into account ti 
events with Mu > M^. We choose = 2mt, 0.5 TeV, 0.7 TeV and 1 TeV. The various 
contributions to the numerator and the resulting values of Ac{yc = 1) at 7 TeV center-of- 
mass energy are given in Table |H The size of the O(aa^) mixed QCD-QED corrections to 
qq initiated contributions relative to those of O(a^) QCD is now ~ 13%, which, as already 
mentioned in Sect. 12. H is due to the fact that the ratio of uu versus dd annihilation is 2:1 
at the LHC as compared to 4 : 1 for pp collisions. The size of the O(a^) QCD contributions 
from qg fusion amount to about 5% (Mc = 2mj) of the qq contributions. At y/s = 14 TeV 
and Mc = 1 TeV, they rise to ~ 17%. Here, and also for all other LHC asymmetries discussed 
below, we take into account also the mixed QCD-QED corrections of 0{aal) to qg — )■ tiq 
which are of the same order of magnitude as the mixed QCD-weak corrections of 0{aa'^), 
as shown in Table HI The size of these corrections can be easily understood. By diagram 
inspection at the level of initial partons one obtains that the ratio fq = 0{aa'^)QED/0{al) 
for qg — )■ tiq is given by 

^ AaQgQt ^ 24:aQgQt 

where (i^^^ = 40/3. For pp collisions at the LHC one gets therefore the ratio 

jQED ^ 4/„ + 2/rf ^ 16a_ 
6 15ao ' 
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Using as — 0.11 and a ~ 0.008, one gets f^^^ ~ 0.078. This estimate explains the respective 
results of Table H] which were obtained by integrating the respective matrix elements and 
PDF. 

In Table Elthe values of Aciyc = 1) are given for y/s = 7, 8, and 14 TeV, both for QCD and 
for QCD plus electroweak contributions. The given uncertainties are due to scale variations. 
As above we choose fi = mt/2,mt, and 2mf. The asymmetry AdVc = 1) increases with 
increasing lower bound on Mu. But, as the numbers for the denominator Dc in Table S] 
show, the event numbers decrease rapidly with increasing M^. The ratio of the electroweak 
and QCD contributions to Aciyc = 1) is 13% for ^/s = 7 TeV (no cut on Mu) and increases 
slightly to 16% for = 14 TeV and Mu > 1 TeV. 

The various contributions to the numerator of the edge asymmetry are collected in Table |6]for 
a/s = 7 TeV, and AE{yc) is given as a function of Uc for i/i = 7, 8 and 14 TeV in Table [71 The 
statistical significances of Ae and Ac are of comparable size. For instance, AeIvc = 1) = 1% 
while Acivc = 1) = —0.6% at 7 TeV. The smaller value of Ac is compensated by the larger 
number of events with |/c < 1- 





2mt 


0.5 TeV 


0.7 TeV 


1 TeV 


iVc(pb) 




qq 


-0.6270 


-0.3718 


-0.1202 


-2.274 X 10-2 


qg 


-0.0379 


-0.0227 


-0.0100 


-0.0020 


0{a^)yjeak 


qq 


-0.0234 


-0.0134 


-0.0040 


-6 X 10-* 


0{aal)u,eak 


qq 


-2.5 X 10-3 


-1.3 X 10-3 


-4.5 X 10"^ 


-9 X 10-^ 


qg 


7.1 X 10"^ 


1.7 X 10-3 


-4.4 X 10"^ 


-2.1 X 10-* 


0{aaDQED 


qq 


-7.85 X 10-2 


-4.81 X 10-2 


-1.53 X 10-2 


-2.7 X 10-3 


qg 


-2.7 X 10-3 


-2.0 X 10-3 


-7 X 10-* 


-1 X 10-* 


Total 


-0.7648 


-0.4576 


-0.1512 


-0.0286 




126.76 


45.76 


9.89 


1.35 


Ac{%) 


-0.60 


-1.00 


-1.53 


-2.13 



Table 4: The contributions to the numerator and denominator of Acivc = 1), defined in (jl]), 
for /X = at the LHC (7 TeV). 



The center and edge asymmetries were computed before in [16] at NLO QCD including 
electroweak corrections, as functions of yc for 7 and 14 TeV. Ref. [16] evaluated the numera- 
tors and denominators of the asymmetries with the PDF set [48] and took the purely weak 
corrections only approximately into account. Our results above agre^, within the given 
uncertainties, with [16j . 



^The definition of tlie central asymmetry Ac in (U) differs by a sign from that of 116) . 
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V 




Mc = 2mt 


0.5 TeV 


0.7 TeV 


1 TeV 


7 TeV 


QCD: Ac (%) 
QCD + EW: Ac {%) 


-0.53 (3) 
-0.60 3 


-0.86 (3) 
-1.00 (4) 


-1.32 (5) 
-1.53 5 


-1.77 (7) 
-2.07 (7) 


8 TeV 


QCD: Ac (%) 
QCD + EW: Ac (%) 


-0.47 (2) 
-0.54 (3) 


-0.76 (2) 
-0.88 (4) 


-1.18 (4) 
-1.37 (4) 


-1.66 (5) 
-1.94 (5) 






Mc = 2mt 


0.5 TeV 


1 TeV 


2 TeV 


14 TeV 


QCD: Ac (%) 
QCD + EW: Ac (%) 


-0.26 (2) 
-0.30 (3) 


-0.45 (2) 
-0.52 (4) 


-1.09 (4) 
-1.29 (5) 


-1.90 (6) 
-2.21 (5) 



Table 5: The central charge asymmetry AdVc = 1) for the LHC at 7,8, and 14 TeV, for 
events with Mu > M^. The uncertainties are due to scale variations. 



Ne (pb) 


Yc = 0.5 


Yc = l 


Yc = 2 




qq 


0.4325 


0.6270 


0.3117 


(19 


0.0238 


0.0379 


0.0125 




qq 


0.0154 


0.0234 


0.0103 




qq 


1.2 X 10-3 


2.6 X 10-3 


2.1 X 10-3 


(19 


-4.6 X 10^3 


-7.1 X 10-3 


-4.1 X 10-3 


0{aal)QED 


qq 


0.0488 


0.0785 


0.0450 


(19 


1.8 X 10-3 


2.7 X 10-3 


1.1 X 10-3 


Total 


0.5189 


0.7648 


0.3776 


^acD(pb) 


131.86 


73.77 


10.27 


Ae{%) 


0.39 


1.04 


3.69 



Table 6: The contributions to the numerator and denominator oi Ae, defined in ([5]), for 
= mj at the LHC (7 TeV). 



Cut-independent charge asymmetries 



The CMS |T3l|Tl] and ATLAS [15] experiments measured the following rapidity-cut indepen- 
dent charge asymmetries: 

,A\y\ ^ NiA\y\>0)-N{A\y\<0) 
^ N{A\y\>0) + N{A\y\<0)' ^' 

^ N{A\v\>0)-N{A\v\<0) 
^ N{A\7]\ >0) + N{A\7]\ <0) ' ^ ^ 

where A\y\ = \yt\ — \yt\ and likewise for the pseudorapidities, A|?7| = \rit\ — \rit\, in the 
laboratory frame. 

We compute these asymmetries for ti events with Mu > Mc- As above, we choose Mc = 2mt 
(i.e., all events), 0.5 TeV, 0.7 TeV and 1 TeV. Our NLO QCD predictions and those including 
the electroweak corrections are given in Tables [8] and [9] for ^/s = 7, 8, and 14 TeV. With a 
cut Mtt > 1 TeV, the asymmetries A^'^', A^^^ increase by a factor of about two. The ratio 
of electroweak and QCD contributions to the asymmetries is 15% for ^/s = 7 TeV and no 
cut on Mu, and it increases to > 20% at i/i = 14 TeV and large Mu- 

The asymmetries A^'^' and A^'^' were computed also in [TB] in the SM without a cut on 
Mft. The respective numbers in Tables |H] and M agree with these results. 
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Vc = 0.5 


yc = i 


yc = 2 


7 TpV 


OCD- A IP (%) 
QCD + EW: Ae (%) 


n 35 n 1 

0.39 (2) 


90 
1.04 (4) 


3 16 (Pi) 

3.69 (7) 


8 TeV 


QCD: Ae (%) 
QCD + EW: Ae (%) 


0.29 (1) 
0.31 (2) 


0.74 (3) 
0.86 (3) 


2.69 (6) 
3.24 (6) 


14 TeV 


QCD: Ae (%) 
QCD + EW: Ae (%) 


0.12 (1) 
0.14 (1) 


0.32 (1) 
0.37 (3) 


1.28 (5) 
1.49 (9) 



Table 7: The edge asymmetry Ae a.s a function of i/c for the LHC at 7, 8, and 14 TeV. The 
uncertainties are due to scale variations. 







Me = 2mt 


0.5 TeV 


0.7 TeV 


1 TeV 


7 TeV 


QCD: Agl^l (%) 
QCD + EW: Agl^l (%) 


1.07 (4) 
1.23 (5) 


1.27 (4) 
1.48 (4) 


1.68 (4) 
1.95 (4) 


2.06 (5) 
2.40 (6) 


8 TeV 


QCD: A^l^l (%) 
QCD + EW: A^l^l (%) 


0.96 (4) 
1.11 (4) 


1.14 (4) 
1.33 (5) 


1.48 (4) 
1.73 (5) 


1.85 (4) 
2.20 (5) 






Mc = 2mt 


0.5 TeV 


1 TeV 


2 TeV 


14 TeV 


QCD: A^l^l (%) 
QCD + EW: A^l^l (%) 


0.58 (3) 
0.67 (4) 


0.74 (3) 
0.86 (5) 


1.11 (5) 
1.32 (8) 


1.72 (10) 
2.12 (10) 



Table 8: The charge asymmetry A^'^' defined in ([8]) at the LHC, for Mu > M^. 



The experimental results of the CMS and ATLAS collaborations are given in Table ^1 The 
results agree, within the present uncertainties, with the SM predictions given abovqj. 
The recent CMS analysis [H], based on a data sample of Li^t = 4.7 fb^^, measured the 
charge asymmetry A^'^' also differentially; in particular as a function of Mu- The respective 
data given in [H] agree, within the still large experimental errors, with our SM prediction 
of the Mu dependence of A^'^' given in Table El 



Boosted charge asymmetry 

Another way to enhance the ti charge asymmetries at the LHC is to select ti events whose 
center-of-mass frame has a considerable Lorentz boost with respect to the beam axis. The 
velocity of the ti system along the beam axis is given by 



^In view of the positive charge asymmetry measured at the Tevatron one expects the LHC asymmetry 
Ac to be positive, too, within the SM. However, there are examples of new physics models which yield a 
negative LHC asymmetry; see, e.g., [5i] . 
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Mc = 2mj 


0.5 TeV 


0.7 TeV 


1 TeV 


7 TeV 


A 1 ^1 

QCD: Agl"! (%) 
QCD + EW: A^'"^ (%) 


1.36 (6) 
1.56 (7) 


1.39 (5) 
1.64 (6) 


1.76 (5) 
2.06 (5) 


2.15 (5) 
2.52 (5) 


8 TeV 


QCD: A^l"! (%) 
QCD + EW: aP'"^ (%) 


1.24 (6) 
1.43 (7) 


1.25 (5) 
1.47 (5) 


1.56 (4) 
1.84 (5) 


1.93 (4) 
2.30 (5) 






Mc = 2mt 


0.5 TeV 


1 TeV 


2 TeV 


14 TeV 


QCD: Agl"! (%) 
QCD + EW: Agl"! (%) 


0.83 (5) 
0.96 (6) 


0.84 (5) 
1.00 (6) 


1.16 (5) 
1.44 (6) 


1.82 (7) 
2.38 (8) 



Table 9: The charge asymmetry A^'''' defined in ([9]) at the LHC, for Mu > M^. 





Agl^l (%) 


^g"" (%) 


CMS 


0.4 ± 1.0 ± 1.2 [T5] 


-1.7 ±3.2+^;^ [13] 


ATLAS 


-1.8 ±2.8 ±2.3 [15J 





Table 10: CMS [TSUH] and ATLAS [I5] results at the LHC (7 TeV). 



where and E is the corresponding longitudinal momentum component and energy in the 
laboratory frame, respectively. Ref. [21] proposed to evaluate the asymmetries ([H]), ([2]) for ti 
events with /3 larger than a certain minimal value /3mm- By increasing /3mm the qq initiated 
tt sample and therefore the ti charge asymmetry grows. 

This 'boosted charge asymmetry' is similar to the one-sided charge asymmetry [17] that will 
be discussed below. Using the variable /3 rather than the longitudinal momentum + p| | 
has obvious experimental advantages: the ratio /3 is less affected by uncertainties due to jet 
energy scale and resolution. 

Table [11] contains our results for the charge asymmetry ([9]) as a function of Pmin, i-e. 
AP^^Pmin), for the LHC at 7, 8, and 14 TeV. As expected the SM-induced asymmetry 
increases with increasing /3mm - of course, again at the expense of decreasing ti samples. 
The contribution of the electroweak interactions is about 15% compared to the pure QCD 
asymmetry. 



One-sided charge asymmetry 

Finally, we consider an asymmetry introduced and computed within QCD in [T7]. Let PJ- 
be the component along the beam of the sum of the t and i momenta, Pu = Pt + Pt, in 
the laboratory frame. For pp collisions, a non-zero charge asymmetry may be obtained by 
selecting ti events with P^^ > 0, or events with P^^ < 0. One may define a one-sided charge 
asymmetry by 

_ N{Ay > 0) - NjAy < 0) _ N{Ay < 0) - NjAy > 0) 

^ Ar(A|/ > 0) ± iV( Ay < 0) N{Ay > 0) + N{Ay < Oy''^^^''-''^^ ' ^ ' 

where Ay = yt — yi in the laboratory frame. 

Similar to the boosted asymmetry discussed above, the fraction of the qq initiated ti sample 
and hence Aq is increased by increasing the lower cut P^ on Pj|. A further, more moderate 
enhancement can be achieved by applying the additional cut Mti > M^.. 
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AT (%) 


7 TeV 


8 TeV 


14 TeV 


f^min 0.1 


QCD 
QCD+EW 


1 41 (7^ 
1.62 (7) 


1 .z,o \o } 

1.48 (7) 


u.ou \ o J 

1.00 (7) 


l^min 0.2 


QCD 
QCD+EW 


1 i'7'i 

± .0\J \ t } 

1.72 (8) 


1 .o t \yj } 

1.57 (7) 


1.04 (7) 


Pmin 0.3 


QCD 
QCD+EW 


A. .UO I 1 1 

1.87 (8) 


1 47 

1.69 (8) 


1.10 (7) 


Pmin 0.4 


QCD 
QCD+EW 


1 77 (R] 
2.02 (9) 


1 56 ('7'! 
1.79 (8) 


1 01 (fi) 

1.17 (8) 


i^min 0.5 


QCD 

/ \ /■' i T "\ , -1 — ITTT 

QCD+EW 


1 .0 1 I U I 

2.16 (10) 


1 (SQ ^7"! 
1 .yjv \ t } 

1.95 (9) 


1.27 (8) 


Pmin 0.6 


QCD 
QCD+EW 


9 07 (1 0) 
2.38 (10) 


1 86 (H) 

± .OU I O I 

2.14 (10) 


1.39 (9) 


Pmin 0.7 


QCD 
QCD+EW 


9 30 (1 0) 
2.65 (11) 


2 08 (R) 
2.40 (11) 


1 33 (7) 
1.53 (10) 


Pmin 0.8 


QCD: 
QCD+EW 


2.67 (12) 
3.08 (12) 


2.39 (10) 
2.76 (12) 


1.54 (9) 
1.78 (11) 


Pmin 0.9 


QCD 
QCD+EW 


3.22 (13) 
3.74 (12) 


2.95 (12) 
3.42 (13) 


1.90 (10) 
2.20 (12) 



Table 11: The charge asymmetry defined in ([9]) for tt events with /3 = 

\pl + pl\/{Et + Et) > Pmin at the LHC. 

In Table [T2] we collect our SM results for Aq as a function of P^, for Mc = 2mt and 0.5 
TeV, for the LHC at 7, 8, and 14 TeV. In the case of Aq the ratio of electroweak and QCD 
contributions remains essentially constant if and/or Mc is increased: for the results given 
in Table [T2] this ratio is between 15 and 17%. 

The results for the one-sided asymmetry at NLO QCD given in [17] are systematically larger 
than the corresponding QCD results given in Table [T21 This is due to the fact that in [T7] 
the denominator of Aq was evaluated with LO matrix elements and LO PDF which leads 
to a smaller denominator than in our case. 

Finally we emphasize that the magnitudes of all LHC charge asymmetries discussed in this 
section, especially for large M^f, /3mm, or P^ cuts depend sensitively on how the denomina- 
tors of the asymmetries are evaluated. If one computes these denominators in 'Monte Carlo 
fashion' with NLO matrix elements, the magnitudes of the asymmetries decrease signifi- 
cantly. Thus the scale uncertainties given in the above tables underestimate the true theory 
uncertainties, which are rather of the order of ~ 30%. 

3. Leptonic forward- backward and charge asymmetries 

The asymmetries at the level of the intermediate ti states considered in the previous sec- 
tion cannot be measured directly, but are extracted from the data on dileptonic and lepton 
plus jets final states by an unfolding procedure. On the other hand, the top-quark forward- 
backward and charge asymmetries lead also to asymmetries for the daughter leptons from 
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Mc 


P,^ (GeV) 





250 


500 


750 


1000 


7 TeV 


2mt 


QCD+EW Ao (%) 


i.id |^4j 

1.30 (5) 


i.ou yoj 
1.74 (7) 


9 1 n {F,") 

z. iu yu J 
2.43 (7) 


3.06 (9) 


3.55 (9) 


ouu vje V 


V^V_<JJ /IQ /O J 

QCD+EW Ao (%) 


{^) 

1.53 (5) 


A-. 1 O J 

2.04 (6) 


2.77 (6) 


3.45 (5) 


o.^i y^ J 
4.09 (3) 


8 TeV 




QCD+EW Ao (%) 


1.17 (5) 


i.oo y^j 
1.55 (6) 


2.13 (7) 


2.78 (8) 


L. i ya J 

3.23 (9) 


tJUU VJC V 


DCD 4^ r^^i 
QCD+EW (%) 


1.34 (4) 


1 ^'^ (A\ 

1.77 (5) 


2.40 (5) 


9 (SI f^"! 

3.04 (6) 


O . UO I I 

3.61 (5) 


14 TeV 


2mt 


QCD (%) 
QCD+EW Ao (%) 


0.61 (2) 
0.70 (5) 


0.79 (3) 
0.91 (7) 


1.07 (4) 
1.23 (8) 


1.27 (6) 
1.48 (8) 


1.57 (5) 
1.83 (9) 


500 GeV 


QCD Ao (%) 
QCD+EW Ao (%) 


0.74 (3) 
0.86 (6) 


0.92 (3) 
1.07 (7) 


1.18 (4) 
1.38 (9) 


1.44 (6) 
1.68 (9) 


1.74 (6) 
2.04 (8) 



Table 12: The one-sided asymmetry Ao defined in (fTTj) as a function of without and with 
an additional cut on Mu for the LHC at 7, 8, and 14 TeV. 



semileptonic top-quark decay. Although these asymmetries are expected to be smaller than 
the corresponding ones for top quarks, because the lepton does not strictly follow the direc- 
tion of its quark parent, the leptonic asymmetries should be measurable more precisely and 
should allow for a more direct comparison between theory and experiment. 
We consider here, for the Tevatron and for the LHC, dileptonic final states resulting from 
an intermediate tt state: 

pp, pp^tt + X-> i+i '- J, ji + X, (12) 
where i = e, and jb denotes a 6 jet. 

We compute the leptonic asymmetries defined below without and with acceptance cuts. For 
the dileptonic final states we use the following cuts {£ = e, /i, E^^^^ denotes the missing 
transverse energy, and r] is the pseudorapidity) : 

Tevatron : > 20 GeV, |r/^| < 2.0, p{. > 20 GeV, \rij\ < 2.0, E!p'^^ > 25 GeV, (13) 
LHC : > 20 GeV, |r/^| < 2.5, p^^ > 25 GeV, \r]j\ < 2.4, E^''' > 60 GeV. (14) 

The index j refers to a 6, 6, a light (anti)quark, or a gluon jet, and we specify in the following 
how we apply these cuts. 

Our results for the Tevatron asymmetry A^ without cuts given below apply also to the lepton 
plus jets events at the Tevatron. 

pp^tt + X Jb jb ji 32 + X, r jb Jb ji 32 + X, (15) 

where ji^2 denote non-6 jets. 

Tevatron 

For the Tevatron one can define for both types of final states f[T21) . f[T^ a leptonic charge 
asymmetry. Let A^^±(?7£±) be the number of ti events that contain a positively/negatively 
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charged lepton with pseudorapidity ri^± in the laboratory frame. One may consider the 
leptonic charge asymmetry 

j^i ^ iV^+fa+ >0) - iV,-fa- >0) 

iV£+(r?£+ >0) + N,-{rii^ >0) ■ ^ > 

If CP invariance holds, then Nf+{rif+) = Ni-{—rii-) and is equal to the leptonic forward- 
backward asymmetry, A^ = A^p^ = —Ap^, where 

.£± ^ Ne±{rie± > 0) - Ne±{rie± < 0) 

iV,±(r/,± >0) + N,±{r],±<0) " ^ 

In analogy to the tt pair asymmetry A** one may consider, for dileptonic final states, the 
leptonic pair asymmetry 

^« ^ NeejAVi > 0) - iV,,(Ar/, < 0) 

Ar«(Ar/, > 0) + Ar«(Ar/, < 0) ' ^ ^ 

where Arje = ri£+ — rji-. In analogy to A** versus A^p^, the pair asymmetry A^^ is, for 
kinematical reasons, larger than A^. 

We compute the asymmetries ( |T7I) and f |T8l) at NLO QCD with respect to ti production and 
t and i decay, including the electroweak corrections to ti production as described in Sect. 
12. II and |2.2[ The ti spin correlations are taken into account. The radiative corrections were 
implemented into our computer code as described in [12] . In computing the ratios ( !T6|) - (flSj) 
we use the same procedure as in Sect. 12.11 and 12. 2[ namely, we use in the denominator LO 
matrix elements and the NLO PDF set CTEQ6.6M both in the numerator and denominator. 
We calculated the above Tevatron observables inclusively as follows. For the dileptonic 
events, which at NLO in the gauge couplings contain at most 3 partons in the final state, we 
require that at least 2 partons satisfy the above dileptonic cuts. We checked that the results 
do not change when using instead the k± jet algorithm |39]. This is to say we checked an 
inclusive calculation against C-^ vd' ibii (LO) and C-^vd~^e. jbiii (NLO), where j denotes 
a gluon or light quark jet. 

Our results for A^ = A^p^ and A^^ are collected in Table [121 As expected, in the SM0 the 
leptonic charge asymmetry A^ has the same sign as the top-quark charge asymmetry given 
in Sect. 12. H but is smaller in magnitude, while A^^ is larger than A^ but smaller than A**. 
As is the case for the ti charge asymmetry, selecting events with large rapidity difference 
\Ayi\ or large increases Ai and A^^ significantly. 

The results in the last column of Table [T3] were obtained without applying selection cuts. 
These numbers can be directly compared to experimental results that are corrected for 
detector effects, background contributions, and acceptances. As one can see from Table [131 
removing the cuts has only a minor effect on the asymmetries. 

Our results for A^ without cuts in the last column of Table [T31 apply also to the lepton -|- 
jets final states f[T^ at the Tevatron. 



^The asymmetries and A^^, when measured close to the tt production threshold, may contain infor- 
mation independent from the inclusive lepton asymmetries |51j . 
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with cuts 


without cuts 


/i {/O) 


QCD + EW: 


3.6 (2) 


3.8 (3) 


{Mtt > 450 GeV) 


DGD- 

QGD + EW: 


6.4 (5) 


5 8 C^) 
7.0 (5) 


A''- (%'\ 
{Mtt < 450 GeV) 


DGD- 

QGD + EW: 


1.9 (1) 


1.8 (1) 


A^^ (%') 


QGD + EW: 


4 n (A\ 
4.8 (4) 


4.8 (4) 


A" (%] 
il^Vil > 1) 


OGD- 

QGD + EW: 


7 n ffi^ 
8.5 (6) 


yj.o I u I 

7.5 (6) 


A" (%) 
il^Vil < 1) 


OGD- 

QGD + EW: 


1 9 (9) 
2.3 (2) 


1 6 fTl 
1.9 (2) 


A" (%) 
{Mtt > 450 GeV) 


QGD: 
QGD + EW: 


6.7 (5) 
8.2 (5) 


7.1 (6) 
8.7 (6) 


A'' {%) 
{Mtt < 450 GeV) 


QGD: 
QGD + EW: 


2.3 (2) 
2.7 (2) 


2.0 (2) 
2.3 (2) 



Table 13: The leptonic charge asymmetries f|T7|) and f|T8|) for dileptonic final states at the 
Tevatron, computed inclusively. The numbers in the third column were obtained by imposing 
the acceptance cuts f|T3l) . The uncertainties are due to scale variations mt/2 < fi < 2mt. 
The results for A^ without cuts apply also to lepton + jets final states ( |T5l) . 





A' {%) 


A' {Mtt < 450 GeV) (%) 


A\Mtt > 450 GeV) (%) 


D0 [2] 


15.2 ±4.0 






GDF [7] 


6.6 ±2.5 


3.7 ±3.1 


11.6 ±4.2 



Table 14: The D0 [2] and GDF results for the leptonic charge asymmetry from i ± jet 
events at the Tevatron. The D0 result is unfolded, while the GDF data are background- 
subtracted results which are not yet corrected for detector effects and acceptance. 

These asymmetries were first computed at NLO QGD (production and decay), including 
mixed QGD-weak (but not the QED) corrections, in [12] . The results of Table [13] are in 
agreement with these result^. In [12] also the effect of ti spin correlations on the leptonic 
asymmetries was investigated. Switching the spin correlations off has only a minor effect, 
which is to be expected because the inclusive leptonic charge asymmetries are influenced but 
not primarily caused by t, i spin effects. 

The asymmetry A^ was also calculated in [25] for off-shell intermediate t, t at NLO QGD 
(production and decay, including non-factorizable corrections) and the result of [25] agrees 
with that of [12] and of Table [T31 Recently another calculation of A^ at NLO QGD (produc- 
tion and decay), A^ = 2.0;!;q;3%, reported in [3S] for on-shell t,i. As [3S] uses the NLO 
QGD cross section in the denominator of A^, which is ~ 30% larger than aio, this result is 
also in agreement with [12] and that of Table [131 

So far, the D0 and GDF experiments have published only results for A^ obtained from lepton 
plus jets final states, which we have collected in Table for the convenience of the reader. 

^In [H] the denominators of the asymmetries were evaluated with LO PDF. 
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While the cited D0 result is the unfolded one [2], the CDF results [7] are background- 
subtracted but not yet corrected for detector effects and acceptance. According to [2], 
unfolding has only a minimal effect on the lepton asymmetry. Thus we may compare these 
experimental results with our SM predictions for in the no-cut case given in Table [13] 
which, as already mentioned above, apply also to i + j events. While the CDF results agree 
with the SM predictions, the D0 result = (15.2 ± 4)% deviates by ~ 2.8a. 



LHC 

At the LHC, leptonic charge asymmetries can be defined for dileptonic final states f|T2l) in 
analogy to the ti charge asymmetries of Sect. 12. 2[ In analogy to (jlj) and (ISl) we define the 
leptonic center and edge asymmetries 



Neei\ve+\ 


< Vc) - Nu{\rie-\ 


\<Vc) 


Nie{\r]i+ 


1 < Vc) + Nu{\r]e-\ 


\<r]c) 



.if N Nuivc < \Vi+\) - NuiVc < Ive-l) .^m 

where we choose in the following, for definiteness, r/c = 1- 

The cut-independent the ti asymmetry translates to the asymmetry 

,AM ^ Nu{A\r],\ > 0) - Nu{A\r],\ < 0) 

NefXA\r],\ > 0) + NefXA\7],\ < 0) ' ^ ' 

where A|?7^| = \r]i+\ - \T]e~\. 

Furthermore, we define 

^pm\ ^ ^AM for g^g^^g ^j^j^ \A\7]i\\<r]^, (22) 
^^M ^ ^AM for g^gj^^g ^i^i^ i^l^^ll > ^ ^23) 

(24) 

where we choose below r/^ = 1, too. 



In Table fTSl we collect our results for the leptonic charge asymmetries ( |T9l) - ( l23l) for dileptonic 
final states for the LHC at 7, 8, and 14 TeV. The first set of numbers was computed using 
the acceptance cuts f|T^ and the anti-/cr algorithm [50] with R = 0.5. The second set of 
numbers was obtained by an inclusive calculation without imposing cuts. Our SM results 
for the leptonic asymmetries follow essentially the same pattern that was found in Sect. 12.21 
for the corresponding charge asymmetries at the level of tt: A^'*"' is negative and smaller in 
magnitude than A^^ and A'^I'^'^L The edge or forward asymmetry may be enhanced by the 
additional selection cut (!23|) . The ?7^-cut independent asymmetry A^'^'^l can be enhanced by 
selecting events with high pair-invariant mass Mu, as shown in Table [161 For large the 
ratio of weak and QCD contributions increases somewhat. 

So far, ATLAS and CMS have not yet published results on leptonic asymmetries from ti 
events. It will certainly be a challenge (that probably cannot be met) to detect nonzero 
effects being so small in magnitude than those given in Tables [151 [El But the point is 
that these leptonic asymmetries should be excellent discriminators between SM and possible 
new physics effects, because it is expected that these asymmetries will be measurable with 
a precision of a few percent. 
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j['^\vi\ 






With acceptance cuts ([T] 


]) (anti-ZcT and R = 


0.5) 


7 TeV 


QCD (%): 
QCD + EW (%): 


-0.25 (1) 
-0.30 (1) 


0.41 (2) 
0.50 (1) 


0.41 (2) 
0.49 (1) 


0.23 (1) 
0.27 (1) 


0.95 (4) 
1.15 (2) 


8 TeV 


QCD (%): 
QCD + EW (%): 


-0.22 (1) 
-0.27 (1) 


0.36 (2) 
0.43 (1) 


0.34 (2) 
0.42 (1) 


0.19 (1) 
0.23 (1) 


0.81 (3) 
0.98 (2) 


14 TeV 


QCD (%): 
QCD + EW (%): 


-0.09 (1) 
-0.13 (1) 


0.14 (1) 
0.19 (1) 


0.09(1) 
0.14 (1) 


0.03 (1) 
0.05 (2) 


0.25 (2) 
0.37 (2) 


Without acceptance cu 


ts 


7 TeV 


QCD (%): 
QCD + EW (%): 


-0.40 (2) 
-0.46 (2) 


0.48 (2) 
0.55 (2) 


0.61 (3) 
0.70 (3) 


0.27 (2) 
0.32 (2) 


1.25 (6) 
1.44 (6) 


8 TeV 


QCD (%): 
QCD + EW (%): 


-0.36 (2) 
-0.42 (2) 


0.42 (2) 
0.49 (2) 


0.55 (3) 
0.64 (3) 


0.25 (1) 
0.29 (1) 


1.13 (6) 
1.31 (4) 


14 TeV 


QCD (%): 
QCD + EW (%): 


-0.21 (1) 
-0.25 (1) 


0.20 (1) 
0.24 (1) 


0.36 (2) 
0.43 (2) 


0.15 (1) 
0.17 (1) 


0.71 (4) 
0.85 (3) 



Table 15: The leptonic charge asymmetries for dileptonic final states for the LHC at 
7, 8, and 14 TeV. The first set of numbers was computed using the acceptance cuts (fT^ 
and the anti-fc^ algorithm with R = 0.5. The second set of numbers was obtained by an 
inclusive calculation without imposing cuts. The uncertainties are due to scale variations 
mf/2 < n < 2mf. 





A^M (%) 


Mtt > 0.5 TeV 


Mtt > 0.7 TeV 


Mtt > 1 TeV 


7 TeV 


QCD: 
QCD+EW: 


0.94 (4) 
1.13 (2) 


1.29 (3) 
1.53 (2) 


1.63 (2) 
1.94 (1) 


8 TeV 


QCD: 
QCD+EW: 


0.85 (3) 
1.03 (2) 


1.16 (3) 
1.41 (1) 


1.43 (9) 
1.74 (5) 


14 TeV 


QCD: 
QCD+EW: 


0.52 (2) 
0.67 (2) 


0.68 (4) 
0.88 (2) 


0.89 (6) 
1.13 (3) 



Table 16: The leptonic charge asymmetry A^l'"', for different cuts on Mtt, for dileptonic final 
states at the LHC without acceptance cuts. 

4. Conclusions 

We have computed several top-quark charge asymmetries for ti production, for the Tevatron 
and in particular for the LHC, to NLO QCD including mixed QCD-QED and QCD-weak 
interaction corrections. Our SM prediction for the ti rest-frame asymmetry at high mass, 
A^^{Mtt > 450 GeV) (and those by other authors [Ill[16]) at the Tevatron deviates from 
the recent CDF measurement [7\ by ~ 2.4cr. Thus, for this observable, the tension between 
experiment and SM has become less severe, as compared to the situation about 1 year ago [1] . 
For the LHC we have made SM predictions for a number of top charge asymmetries that 
were proposed in the literature, namely for the center and edge asymmetry, the rapidity-cut 
independent asymmetries (without and with additional cuts on Mtt), and for the boosted and 
one-sided asymmetry. The measurements of the inclusive asymmetries aP^\ ^c'^' 
CMS and ATLAS experiments agree with the SM results; the predictions for ti samples with 
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large pair-invariant mass and for the other charge asymmetries still need to be experimentally 
tested. 

Moreover, we have considered several leptonic charge asymmetries for dileptonic and lep- 
ton + jets tt events at the Tevatron and for dileptonic tt events at the LHC We have 
computed these asymmetries at NLO QCD (production and decay), including the mixed 
QCD-electroweak corrections to tt production. These leptonic asymmetries should be mea- 
surable rather precisely and provide additional information about tt production. While the 
CDF results on (not yet unfolded) agree with our predictions, the unfolded D0 result de- 
viates by ~ 2.8cr. Hopefully, D0 and CDF will perform also measurements of the asymmetry 
A^^ for dileptonic events. In addition, we expect that results on the LHC leptonic charge 
asymmetries, for which we presented SM predictions in Tables [15] and [161 become avail- 
able from ATLAS and/or CMS in the not too distant future. The measurements of these 
and other distributions, including the search for an non-zero longitudinal polarization of the 
top (anti) quarks in hadronically produced tt samples and measurements of ti spin correla- 
tions with increased precisioiil^ should eventually clarify in detail the dynamics of hadronic 
ti production and decay. 
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Note added 

After submission of this manuscript several new experimental results appeared that are of 
relevance for some of our results. The D0 collaboration at the Tevatron reported the mea- 
surement of the leptonic asymmetries ( !T6|) - (fT8|) for dilepton final states and obtained the un- 
folded results p]: A^ = (5.8±5.1(stat)±1.3(syst))% and = (5.3±7.9(stat)±2.9(syst))%, 
which are in agreement with our results given in Table [131 The ATLAS collaboration re- 
ported the measurement of the leptonic asymmetry 02 ip for dilepton final states at the LHC 
(7 TeV) [55], A^l*?^' = (2.3 ± 1.2(stat) ± 0.8(syst))%. This measurement is in agreement 
with our corresponing result (without acceptance cuts) given in Table [151 Moreover, the 
recent measurements of the ti charge asymmetry A^'^' by the ATLAS |56j and CMS [57] 
experiments at the LHC (7 TeV) are compatible with our SM prediction given in Table [8] 

^The size of the SM weak-interaction induced longitudinal polarization of the top (anti)quarks was de- 
termined in [T^IHIKH] . Evidence and observation of non-zero tt spin correlations was recently reported by 
D0 [52] and by ATLAS 53;, respectively. 
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